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Abstract
Purpose An open-source software system for planning
magnetic resonance (MR)-guided laser-induced thermal
therapy (MRgLITT) in brain is presented. The system was
designed to provide a streamlined and operator-friendly
graphical user interface (GUI) for simulating and visualizing
potential outcomes of various treatment scenarios to aid in
decisions on treatment approach or feasibility.
Methods A portable software module was developed on the
3D Slicer platform, an open-source medical imaging and
visualization framework. The module introduces an interac-
tive GUI for investigating different laser positions and power
settings as well as the influence of patient-specific tissue
properties for quickly creating and evaluating custom treat-
ment options. It also provides a common treatment planning
interface for use by both open-source and commercial finite
element solvers. In this study, an open-source finite element
solver for Pennes’ bioheat equation is interfaced to the mod-
ule to provide rapid 3D estimates of the steady-state temper-
ature distribution and potential tissue damage in the presence
of patient-specific tissue boundary conditions identified on
segmented MR images.
Results The total time to initialize and simulate an MRgLITT
procedure using the GUI was <5 min. Each independent sim-
ulation took <30 s, including the time to visualize the results
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fused with the planning MRI. For demonstration purposes, a
simulated steady-state isotherm contour (57 ◦C) was corre-
lated with MR temperature imaging (N = 5). The mean Haus-
dorff distance between simulated and actual contours was
2.0 mm (σ = 0.4 mm), whereas the mean Dice similarity
coefficient was 0.93 (σ = 0.026).
Conclusions We have designed, implemented, and con-
ducted initial feasibility evaluations of a software tool for
intuitive and rapid planning of MRgLITT in brain. The ret-
rospective in vivo dataset presented herein illustrates the fea-
sibility and potential of incorporating fast, image-based bio-
heat predictions into an interactive virtual planning environ-
ment for such procedures.

Keywords Planning software · MRI guidance ·
Laser-induced thermal therapy · 3D Slicer ·
Treatment simulation · Tissue ablation

Introduction

Magnetic resonance (MR)-guided laser-induced thermal
therapy (MRgLITT) is an emerging minimally invasive
approach for ablating targeted volumes of tissue in the brain.
In a manner congruent with image-guided biopsy, laser appli-
cators are stereotactically navigated under MR guidance to
rapidly deliver heat to the target tissue [1]. MR temperature
imaging (MRTI) [2,3] can be used during delivery of ther-
apy to quantitatively monitor the temperature changes in the
volume of interest to estimate the extent of ablation using
biological models of damage [4–6]. The primary mechanism
of tissue destruction is thermal coagulation leading to ther-
mal necrosis (i.e., death of cells) over the next 24–72 h [7].
This is a highly localized treatment, and unlike the radiation
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therapy, there are no known associated toxicities (e.g., ioniz-
ing radiation) that limit the multiple treatments, making the
procedure repeatable up to the tolerance of the patient. Ther-
mal therapy can also be applied in a manner complementary
to the conventional approaches and can be used to treat addi-
tional focal lesions outside the range of conventional therapy
or be used synergistically with local drug delivery [8,9].

Magnetic resonance (MR)-guided laser-induced thermal
therapy (MRgLITT) has been a viable therapeutic option
for amenable primary, recurrent, and metastatic intracerebral
lesions [10–12] and is being investigated for treating neuro-
logical diseases, such as epilepsy [13], and Tourette’s syn-
drome [14]. Currently, MRgLITT systems for closed-loop
MR guidance in the brain are available commercially [11,15–
19]. In addition to providing the ability to monitor criti-
cal structures and lesion borders, such software uses the
MRTI feedback to monitor the temperature near the applica-
tor surface so that excessive temperatures leading to vapor-
ization and charring do not occur. This provides another
essential level of safety to the ablation procedure [19,20].
However, because the procedure is somewhat invasive and
requires stereotaxy to guide applicator placement directly
into the tissue through the skull, preoperative planning is
a critical component. A common approach is (1) to use a
geometrical primitive cylindrical representation of the max-
imal thermal kill zone overlaid onto the 3D MRI for plan-
ning (e.g., contrast-enhanced T1-weighted MR gradient echo
images), then (2) to identify a trajectory to the target tis-
sue that avoids critical structures, and finally (3) to put the
fiber in a position to deliver therapy as conformal as possible
to the target area while avoiding irradiation of nontargeted
tissue. However, estimating the potential extent of damage
is a challenge if trajectories are oblique with respect to the
anatomy, irregularly shaped lesions are targeted, or multi-
ple applicators are employed. Additionally, nearby convec-
tive sources of heat transfer, e.g., ventricles, vessels, inter-
faces, etc., can lead to unexpectedly asymmetric tempera-
ture distributions, which deviate from planned treatment of
volume.

In order to help maintain the efficacy of MRgLITT pro-
cedures under such complex conditions, and begin to fairly
evaluate this technology with respect to existing therapeutic
options, there is a critical need for patient-specific 3D treat-
ment planning technology. Planning can aid in providing a
more optimal initial placement of the applicator for ther-
apy by letting the user to simulate treatment prospectively
and visualizing results against the target volume and criti-
cal structures [21]. This can help streamline surgical plan-
ning and workflow and minimize the likelihood of posi-
tioning fibers in a manner inconsistent with therapeutic
goals, avoiding the need to reposition/replace applicators or
schedule a second treatment. To this end, we introduce an
open-source 3D simulation-driven software system for plan-

ning MRgLITT in brain. Its graphical user interface (GUI)
can facilitate the assessment of different treatment scenar-
ios based on virtual adjustment of laser applicator(s) posi-
tion/power relative to 3D anatomy and patient-specific bio-
heat parameters. The software may communicate with a vari-
ety of finite element, finite difference, and statistical mod-
eling solution [22–24] techniques for the bioheat transfer
equation through the designed interface. In this study, the
software was interfaced with a steady-state bioheat solver
to simulate different treatment approaches. The results were
evaluated retrospectively using data from MRgLITT proce-
dures in patients (N = 5).

Methodology

In this work, a loadable 3D Slicer module was developed as
the core component of our software system to provide the
neurosurgeon with an interactive GUI to plan the MRgLITT
procedure using T1-weighted, T2-weighted, or Flair MRI.
The module was named as LITTPlan, and its source code is
freely available at the following github repository: https://
github.com/ImageGuidedTherapyLab/LITTPlan. More spe-
cifically, LITTPlan module is designed to the following:

• Assist neurosurgeons in navigating all identified critical
structure volumes;

• Visualize simulated heating at the final location of each
applicator placement, with respect to adjoining critical
structures and heat sinks;

• Provide greater autonomous regulation and conformal
delivery of energy.

• Visually assess multiple structures in multiple planes to
take full advantage of the entirety of digital information
returned by the imaging guidance.

• Provide the neurosurgeon with an intuitive, comprehen-
sive, and dynamic perception of the target region.

A (conceptual) system to accommodate LITTPlan module
consists of four main components as shown in Fig. 1. In such
a system, multi-faceted intersystem communication can be
facilitated via OpenIGTLink, which is an extensible digi-
tal messaging library with well-defined protocols for data
exchange on local network [25]. OpenIGTLink can provide a
standardized mechanism for real-time data flow between dif-
ferent hardware and software components of such systems.
Tokuda et al., reported that it can perform data transfer up to
1,024 fps with latency in the order of sub-milliseconds [25],
which is sufficient for on-the-fly data transfer in an envi-
ronment as proposed herein. The operator/surgeon can use
3D Slicer in order to manage image acquisitions, necessary
visual processing, and simulate laser application in differ-
ent scenarios to implement a final strategic treatment plan.
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Fig. 1 An overview of the developed LITTPlan module within the
MRgLITT workflow is shown. LITTPlan module was built on two cor-
related tasks, i.e., “Imaging” and “Planning.” T1-weighted contrast-
enhanced, T2, and Flair images are used for delineating the target and
surrounding critical tissues. In the planning phase, the label maps are

created by segmentation and visualized on the GUI. Then, neurosurgeon
can set the ablation parameters in addition to locating the applicator and
call the finite element solver which in turn gives the calculated isotherm
simulation model in near-real-time

Potentially computationally intensive tasks of the solution
to the bioheat transfer equation are implemented to run on
the computational core and are expected to be responsive
to the highly demanding interactive virtual planning envi-
ronment. Please note that, currently the LITTPlan module
communicates with the adapted bioheat transfer solver via
an input text file, which includes all the patient-specific laser
and treatment parameters.

Slicer

3D Slicer (or just Slicer) is an open-source, multi-platform
(i.e., can work on Windows, Linux, and Mac OS) mod-
ular software system for performing highly demanding
image analysis, processing, registration, and visualizations
tasks [26,27]. It has been developed by NIH support and
used in more than 100 research projects so far [28,29].
As one of the prominent examples of those projects, Pin-
ter et al. introduced a comprehensive radiation therapy (RT)
toolkit for Slicer. This extension allows loading, visualiz-
ing, and evaluating complex RT treatment plans on Slicer‘s
intuitive GUI [28]. Moreover, Fedorov et al. [30] demon-
strated the high potential of Slicer in quantitative image
analysis for personalized treatment approaches by means
of analyzing multiple use cases taken from the institutions
participating in the Quantitative Image Network (QIN) ini-
tiative of National Cancer Institute. Slicer offers extensive
functionality for overcoming the challenges of developing
real-time image guidance research software of MRgLITT,

such as visualization and segmentation of anatomical images,
3D registration (rigid, affine, and deformable), image-
surface fusion, etc. It can read/write DICOM images, create,
and render volumes and polygonal meshes as well as allow-
ing tool tracking and real-time acquisitions for image-guided
interventions. Slicer allows customization and extension in
the form of loadable modules. Its GUI-based interactive
console allows performing calculations and processes that
are highly demanding. Loadable modules can be developed
using Python or C++. As shown in Fig. 2, Slicer is based
on four layers of software abstraction over the computer
hardware. Slicer’s core and custom modules are the main

Fig. 2 OpenGL pipeline works at the lowest-level software layer for
core visualization, while VTK, ITK, QT etc., libraries are included for
providing higher-level programmable functionality such as 3D visual-
ization, image processing, and registration. LITTPlan can incorporate
with other modules as well as exchanging information with the Core
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components for facilitating operational tasks such as image
loading, processing, registration, transformations, etc., using
the open-source programming libraries at one lower level
such as Visualization Toolkit (VTK), Insight Segmentation,
and Registration Toolkit (ITK) and a cross-platform appli-
cation platform called QT. VTK is a freely available object-
oriented software library for 3D virtual modeling and com-
puter graphics, which is composed of C++ classes and sup-
ports a wide range of algorithms and modeling techniques.
ITK is also an open-source development framework that pro-
vides an extensive set of functionality for image processing.
Slicer extends those provided functionalities with the cus-
tom C++ modules specifically designed for medical imag-
ing based applications [26,30]. 3D Slicer version 4.2.2-1
(revision 21513) was used in this study and can be down-
loaded freely from the following website: http://www.slicer.
org/slicerWiki/index.php/Slicer4.

LITTPlan GUI

LITTPlan GUI has five expandable tab pages, namely: (1)
Main, (2) Tissue Parameters, (3) Transformation, (4) Nodes,
and (5) Advanced, as shown in Figs. 3 and 4. The “Main” tab
provides the minimal functionality needed for planning the
treatment. Tissue parameters, i.e., thermal conductivity, tis-
sue perfusion, optical absorption, scattering, and anisotropy,
on their corresponding tab, were set to the literature values for

each tissue type by default [31,32] (as listed Table 1). “Trans-
formation” and “Nodes” tabs give the option of rotating
and translating the models and the loaded images, whereas
“Advanced” tab is used to adjust input/output file names and
labelmap color codes. Prior to planning/simulating a treat-
ment, different tissues in the target region (e.g., gray/white
matter, edema, CSF, bone, air) as well as potential convec-
tive heat sinks, such as nearby vessels, ventricles etc., must
be accurately identified by segmenting patient baseline MRI.
Once MRI data have been loaded and label maps (segmenta-
tions) have been created using Slicer, the step-by-step plan-
ning algorithm works as follows (numbered in Fig. 3):

1. Select guiding points Two points represented by spherical
fiducial markers are used to locate the laser applicator. The
user can create them by clicking on either 3D screen or
2D axial, sagittal, and coronal views to pick first a target
point which can be a tumor focus and then an appropriate
entrance point on the skull.

2. Locate applicator As seen in Fig. 4, a linear path from the
entrance point to the target points is created. A cylindrical
model of the laser applicator is then overlaid along this
path. The location may be adjusted as needed through
manipulation of the fiducial objects.

3. Set treatment parameters User sets laser power in terms
of Watts and the isotherm(s) to be calculated in degrees
celsius. The provided default values for tissue (i.e.,
gray/white matter, CSF, tumor, vessel, edema, healthy tis-

Fig. 3 LITTPlan command view has five tab pages. “Main” tab is
adequate to perform the operation, while the Tissue Parameters can
be modified on the corresponding tab. The optional “Transformations”
and “Nodes” tabs are used to rotate and translate the laser applicator,

segmentation, 3D model, etc. “Advanced” tab offers extra functional-
ity, e.g., numbering segmentation labels, setting the working folder and
setting additional parameters
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Fig. 4 A snapshot of LITTPlan module. On the left is the user com-
mand view with the tab pages to plan the operation as well as loading
data and processing tools. Right side has four views; three cardinal
anatomical planes with registered label maps (segmentations) at the

bottom, and a 3D view at the top. User can interact with the mouse to
visualize data and models and to position guiding points and applica-
tor(s) as well as to decide an optimum path for the intervention

Table 1 Default tissue
parameters k (Wm−1 K−1) w (kgm−3 s−1) Cb (Jkg−1◦C−1) g µa (cm−1) µs (cm−1)

0.527 9.0 3,840 0.88 5.0 140.0

sue) parameters can also be adjusted at this step as needed
using the interface. Once all the parameters are entered
from GUI, “Treat” button can be clicked.

4. Treat All the parameters are read from GUI and sent to
the bioheat transfer solver via aforementioned input file.
The solution technique for the bioheat transfer returns a
3D isosurface of the tissue damage zone. The 3D damage
zone is registered onto MRI and displayed on the GUI (as
depicted in Fig. 5 with purple color).

Once the simulation has been completed, the Slicer GUI may
be used to save tissue damage as DICOM images for transfer
back to an imaging database [26].

Steady-state Pennes Bioheat Equation

The LITTPlan module may communicate with a variety of
solution techniques for providing estimates of the thermal
damage. In particular, we interfaced the LITTPlan module
to a steady-state finite element solver of the Pennes Bioheat
Equation to simulate the induced heating and expected tis-
sue damage. Bioheat transfer processes in living tissues are

significantly influenced by convective heat exchange in the
form of blood perfusion through the vascular network. When
there is a significant difference between the temperature of
the blood and the tissue through which it flows, convective
heat transport will occur, altering the temperatures of both
the blood and the tissue. The steady-state Pennes’ bioheat
equation includes a convective heat transfer term [33] that is
proportional to the difference between the local tissue tem-
perature T (◦C) and the arterial (core) temperature Ta(◦C) as
shown in Eq. 1:

− ∇.[(k∇T(qi))] + wCb(T − Ta) = P(qi) (1)

where k = thermal conductivity of tissue (Wm−1 K−1),

qi =Cartesian coordinates (m), w =blood flow(kgm−3s−1)

Cb = specific heat of material (Jkg−1 ◦C−1) and P = power
deposited per unit volume by the laser (Wm−3).

Estimates for initial bioheat parameters were based on
the literature values for the anatomy of interest, Table 1 [31,
32,34]. Steady-state temperature was calculated, and result-
ing isotherm estimates of damage were registered as over-
lays on the treatment planning images. Given the time tem-
perature histories characteristic of laser ablation, the 57 ◦C
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Fig. 5 An example isotherm
simulation, for 57 ◦C with the
power of 10 W, fused on the
tissue. a Axial, b Sagittal, c
Combined views show the
calculated heat (purple)

Fig. 6 The workflow for the finite element solution and Pennes’ bio-
heat equation

isotherm can be used as the threshold to adequately cap-
ture damage accrual [31–34]. In other words, we employ the
57 ◦C isotherm as a surrogate defining the maximum amount
of tissue that can be ablated assuming the laser is run until
steady-state conditions. Figure 6 shows different components
of finite element solution workflow.

Experimental workflow

The presented pipeline was applied retrospectively to data
obtained from five patients during MRgLITT (980 nm laser

applicator). First, for each patient, pretreatment MRI data
were loaded to Slicer, and the target tissue as well as
the surrounding critical structures was segmented semi-
automatically using Slicer’s GrowCut algorithm. GrowCut
is an efficient algorithm that is based on region growing with
cellular automata and can work with a few pixels scribbled in
the region of interest by the user and iteratively extracts the
foreground and background [35]. The segmentation results of
gray matter, white matter, ventricles, and tumor were saved
as volumetric label map data. Second, the laser applicator
was virtually located, where the actual applicator had been
located, by selecting two guiding points, i.e., entrance and tar-
get points, represented with aforementioned fiducial markers.
The maximum laser power recorded from the delivered ther-
apy was input into the steady-state solver (listed in Table 2).
Default tissue parameters were set from the GUI and used as
input to the steady-state simulation as well. The isosurface of
the 57 ◦C damage zone predicted by the steady-state solver
is overlaid onto the MRI planning data as shown in Fig. 5.

Results

For each patient, the total time to initialize, run, and visual-
ize the simulation registered on MRI was <5 min. Initializa-
tion step included basic environment setup and image seg-
mentation. The whole segmentation process took <3 min per
patient, while each independent realization of the steady-state
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Table 2 Patient data analysis (N = 5)

Power (W) Hausdorff
distance
(mm)

Area (mm square) Coverage

MRTI Simulation Area Dice S.C.

Patient 1 12 1.7 178.7 195.0 165.2 0.89

Patient 2 10 1.6 194.6 191.1 177.4 0.92

Patient 3 10 2.7 191.2 189.5 179.5 0.94

Patient 4 12 1.8 154.1 150.6 142.8 0.93

Patient 5 12 2.2 297.3 295.2 284.9 0.96

“Power” is the actual laser power applied in treatments as well as in simulations. “Hausdorff Distance” represents the distance between simulation
and actual heating (ablation) contours, whereas “Area” is their surface area and “Coverage” is the correspondence (overlap) between them

Fig. 7 a Intraoperative oblique MRI slice showing the tumor and the
laser applicator; b MRTI image at the same slice with the hottest time
point; c Zoomed into the ablation region with the simulation isosurface

registered; d Intersection of the simulation with the slice is created as the
isocontour (magenta) of 57 ◦C for comparison with its corresponding
MRTI counterpart (black)

Fig. 8 A Multiple ablation
example is depicted; a Two
target points are selected on the
tumor; b Laser applicator is
placed to one of the points; c
First ablation is simulated; d
Second ablation is simulated
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simulation took <30 s. Figure 7 shows an example oblique
MRI slice acquired during the treatment of the first patient
who had been diagnosed with brain metastases (melanoma).
This slice was selected in a way that it can show the cen-
tral long axis cross-section of the laser applicator, the key-
hole drilled on the skull, and the maximum amount of tumor
and the heating. In this figure, (a) shows the magnitude
image of the selected slice, whereas (b) has the temper-
ature image at the hottest time point. Figure 7c, d show
zoomed ablation region with the simulated isotherm vol-
ume and the corresponding contour projected on the slice to
compare with the MRTI output, respectively. Here, the sim-
ulation isocontour encircles the maximum region predicted
to be ablated, whereas MRTI contour shows the tissue that
actually reached the assumed ablation temperature. It was
observed that the correspondence between simulation and
the real ablation was significant as listed in Table 2. The
mean and standard deviation for Hausdorff distance [36] was
2.0 and 0.4 mm between two contours, whereas the mean
Dice similarity coefficient (DSC) was 0.93 (σ = 0.026).
The “Coverage” area, which was reported to complement
the DSC in this table, denotes the overlap between the areas
defined by simulation and MRTI contours, i.e., it is the area
of the actual heating that remains within the boundaries of
the simulation contour. The minor errors in simulation can
be due to segmentation and manual registration inaccura-
cies as well as the expected uncertainties from MRTI mea-
surements, probe location, fluence, convective, or conductive
properties.

Conclusions and future work

The presented efforts demonstrate the feasibility of incor-
porating MRI-based predictions of bioheat transfer into an
interactive open-source virtual planning environment within
a time frame determined by the bioheat transfer solver. The
software system presented herein may facilitate MRgLITT
planning, within complex scenarios, while simultaneously
avoiding damaging critical structures such as the thalamus,
mamilothalamic tracts, and fornices. If the actual applicator
placement differs from the planned trajectory during surgery,
the planning module enables the surgeon to reassess the abla-
tion, with respect to the new location, and decide if it still
covers the target or needs repositioning. This knowledge fur-
ther enables the clinician to refine expectations about achiev-
able ablation and avoids accidental overtreatment as well
as allowing the surgeon to determine if the ablation cov-
ers the targeted lesion without affecting surrounding tissue
and if tails of the tumor are left untreated with the current
applicator placement (Fig. 8). The 3D environment for plan-
ning the procedure presents opportunities for patient selec-
tion and optimizing treatment approach as well as integration

with established neuronavigation systems such as Brainsuite
(BrainLAB, Inc) via OpenIGTLink. Future work includes
a critical study of the tradeoff between computational effi-
ciency and accuracy for a variety of transient, steady-state,
and probabilistic bioheat solvers that may be interfaced with
the LITTPlan module.
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